Interplay of negative and positive signals controls endoderm-specific expression of the ascidian Cititf1 gene promoter  by Fanelli, Albertina et al.
Interplay of negative and positive signals controls endoderm-specific
expression of the ascidian Cititf1 gene promoter
Albertina Fanelli, Gabriella Lania, Antonietta Spagnuolo, and Roberto Di Lauro*
Laboratory of Biochemistry and Molecular Biology, Stazione Zoologica Anton Dohrn, Villa Comunale, 80121 Napoli, Italy
Received for publication 21 November 2002, revised 17 April 2003, accepted 12 May 2003
Abstract
Cititf1 is an early and specific marker of endoderm development in Ciona intestinalis [Ristoratore, F., et al. (1999) Development 126,
5149]. Here, we examine Cititf1 transcriptional regulation focusing in particular on its endodermal restricted expression. Through the
analysis of Ciona embryos, electroporated with different portions of Cititf1 5-flanking region fused to lacZ, we characterized a minimal
300-bp cis-regulatory sequence able to closely reproduce the spatial and temporal expression pattern of the endogenous gene. This enhancer
contains at least three distinct regulatory regions, two of which are responsible for activation of transcription in the endoderm and in the
mesenchyme, respectively, while the third is a negative control element that represses mesenchyme transcription. We have further defined
the sequences responsible for transcriptional activation in the endoderm by clustered point mutations and DNA-binding assays.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Formation of the endodermal layer in Chordates is still
poorly understood, in part due to the complexity and high
number of cells of the vertebrate embryo. Ascidians, a
group of primitive and very simple chordates, provide a
simplified model for the study of the molecular events
underlying the development of typical Chordate features
(Corbo et al., 2001). The ascidian larva contains only 500
endodermal cells, whose cell lineage has been completely
described (Nishida, 1987; Satoh, 1994), that give rise to the
endodermal organs of the adult (Hirano and Nishida, 2000).
At the larval stage, these cells are localized in the anterior–
ventral region of the trunk and in a single line of cells, the
endodermal strand, running below the notochord, in the tail.
Endoderm development in ascidians is an autonomous
process, as demonstrated by the potential of the presumptive
endodermal blastomeres to differentiate autonomously
when isolated from the early embryo (Nishida, 1992; Whit-
taker, 1990). This potential reflects the presence of still
uncharacterized maternal cytoplasmic determinants prelo-
calized in the egg (Nishida, 1993). Fate restriction for this
tissue occurs early in embryogenesis, since the 32-cell
stage, when 2 pairs of vegetal blastomeres become deter-
mined to give rise exclusively to endodermal cells. The
process is completed before gastrulation, at the 64-cell stage
embryo, when 5 blastomere pairs result restricted to the
endodermal fate (Nishida, 1987). Besides the early deter-
mination, endoderm has been shown to play a key role in
ascidian early embryogenesis as a source of inducing sig-
nals necessary for the development of notochord and mes-
enchyme tissues (Kim and Nishida, 1999; Kim et al., 2000).
Although endoderm development in ascidians has been
the subject of many studies, the mechanism of its determi-
nation remains to be elucidated. To date, many genes iso-
lated from ascidians have been reported to be expressed in
the endoderm of the embryo, either exclusively or in addi-
tion to other territories (Corbo et al., 1997a; Imai et al.,
1999, 2000; Kumano and Nishida, 1998; Olsen and Jeffery,
1997; Satou et al., 2001; Shimauchi et al., 1997). Among
these, Ciona intestinalis Cititf1 gene, which was previously
identified in our laboratory, remains the earliest zygotic
endoderm-specific marker isolated thus far (Ristoratore et
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al., 1999). Cititf1 transcripts are detected exclusively in
endoderm precursors as early as at the 76-cell stage. After a
transient disappearance in neurulas, at larval stage, Cititf1
mRNA is again detectable and it is localized in the anterior–
ventral part of the trunk endoderm. Injection of Cititf1
mRNA in eggs strongly affects trunk and tail development.
A very similar phenotype is obtained by ectopic expression
of Cititf1 specifically in the notochord, thus suggesting that
this protein is capable of recruiting notochord precursors to
an endodermal fate (Spagnuolo and Di Lauro, 2002). Taken
together, these data strongly indicate a key role for Cititf1 in
the process of endoderm differentiation. It was recently
suggested that accumulation of -catenin in endodermal
blastomeres represents the first step in the process of
endoderm specification (Imai et al., 2000). Through a sub-
tractive hybridization screening, potential -catenin targets
were identified, including Cititf1 (Satou et al., 2001). This is
a significant finding in light of the fact that nuclear accu-
mulation of -catenin has been suggested to activate several
transcription factors that in turn may regulate other genes
required for endoderm specification.
In the present study, we have analyzed the transcriptional
regulation of Cititf1. This analysis may provide important
information on the molecular cascade leading to endoderm
formation in ascidians. We have already shown that a 3.5-kb
genomic fragment from the 5 flanking region of Cititf1 is
sufficient to drive the expression of a lacZ reporter in a
pattern essentially identical to that of the endogenous gene
(Ristoratore et al., 1999). Here, we have further character-
ized this promoter and show that an approximately 300-bp-
long fragment localized just upstream from the transcription
start site is sufficient to reproduce Cititf1 expression profile.
Moreover, evidence is presented that this regulatory ele-
ment is in turn made of distinct control modules. While the
intact promoter is exclusively expressed in the endoderm,
deletion of a specific region extends reporter gene expres-
sion to the mesenchyme, suggesting that a repression mech-
anism might operate to restrict expression of the Cititf1 gene
to the endoderm. In addition, a linker scanning mutagenesis
approach identified two distinct sites in the enhancer
associated with the endoderm-specific activation of Cit-
itf1 expression. Finally, electromobility gel shift experi-
ments with C. intestinalis nuclear extracts were able to
establish a clear correlation between the in vivo results
and the presence of nuclear factors able to bind to these
sequences.
Fig. 1. Summary of Cititf1 transgene constructs. (A) Diagram of the different Cititf1 promoter sequences that were inserted upstream from the lacZ reporter
gene to obtain plasmids for electroporation into C. intestinalis embryos. Construct names are indicated on the left. The promoter fragments were obtained
either by digestion with the indicated restriction enzyme, by PCR, or by exonucleaseIII digestion, as detailed in Materials and methods. (B) Diagram of the
construct obtained by cloning Cititf1 promoter region extending from 355 to 41 bp upstream from CiHox3 basal promoter sequence containing
heterologous TATA and CAAT boxes. For all constructs, the territory and the intensity of -galactosidase staining in the electroporated Ciona embryos are
indicated on the right.
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Materials and methods
Animal collection
Adult C. intestinalis were collected in the Bay of Naples
by the fishing service of the Stazione Zoologica. Naturally,
spawn eggs were fertilized in vitro and embryos were raised
until the appropriate stage of development in filtered sea-
water at 18–20°C and collected for protein extract prepa-
ration.
Preparation of constructs
The basic electroporation vector was pBlueScript II KS
(Stratagene) containing the lacZ cistron followed by SV40
polyadenylation sequences (pBS-LacZ). Construct #1 cor-
responds to the vector containing the 3.5-kb Cititf1 pro-
moter fragment previously described (Ristoratore et al.,
1999). In this and the following constructs, numbering will
refer to the start site of transcription as position 1. Con-
structs #2, #3, and #4 were obtained by digestion of con-
struct #1 with BamHI–XhoI, SmaI–XhoI, and SphI–XhoI,
respectively, followed by Klenow fill-in and ligase reac-
tions. The Cititf1 genomic DNA of constructs #7 and #6 was
amplified by PCR using Pfu DNA plymerase (Stratagene)
and inserted into the pBS-LacZ plasmid in the 5 to 3
orientation following XhoI and BamHI digestion. Con-
structs #1E, #2E, #3E, #5E, and #10E were generated by
exonuclease III digestion of construct #7 previously cut
with KpnI and XhoI, according to manufacturer’s instruc-
tions (Promega). Construct 5E/10E/6 was generated in two
steps by PCR amplification of the promoter sequence ex-
tending from 355 to 41 bp and from 65 to 238 bp
using appropriate primers so that a SphI and an HindIII site
were inserted between the two fragments. In fact, following
digestion of this construct with these two sites, the internal
deletion plasmids 1, 2, and 3 could be prepared by
exonuclease III digestion. Thus, the 65/238- bp PCR
amplified fragment was digested with HindIII and BamHI
and inserted in the HindIII/BamHI cut pBS-LacZ (construct
10E/6). The 355/41-bp promoter sequence amplified by
PCR was digested with XhoI and HindIII and inserted in
vector 10E/6 to obtain construct 5E/10E/6. The promoter
sequence 355/130-bp amplified by PCR was cloned in
the 10E/6 plasmid by using the XhoI and HindIII sites to
generate deletion construct 4. The promoter sequence
fragment 355/41 bp was also attached to the heterolo-
gous promoter of CiHox3 by directional cloning of the
fragment into the XhoI–HindIII digested 0.2 construct pre-
viously described (Locascio et al., 1999) to obtain transgene
0.2-5E/10E. Mutant vectors M1–M28 were obtained by
site-directed mutagenesis following the Quick- Change Site
Directed Mutagenesis Kit (Stratagene) instructions using
plasmid #5E as template and appropriate primers, each
containing the desired adjacent 5 mutated base residues as
instructed by the manufacturer. All the PCR amplified re-
gions were checked by sequencing both strands using the
dideoxy-termination method.
Electroporation
Electroporation of fertilized and Pronase E (Sigma) de-
chorionated C. intestinalis eggs followed the protocol of
Corbo et al. (1997b) except that the final volume in the
Fig. 2. Construct #5E recapitulates Cititf1 endoderm-specific expression pattern. Lateral view of neurula (A), tailbud (B), and larval stage (C) embryos electroporated
with construct #5E. X-gal staining was observed exclusively in cells of the endoderm lineage. Bottom panels show a schematic representation of the neurula (A),
tailbud (B), and larval stage (C) Ciona embryos in lateral view, in which endoderm cells are colored in yellow and mesenchyme is in pink.
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cuvette was 700 l and the capacitance setting 800 F so
that pulse range was 14–20 ms. Embryos were let to de-
velop at 18–20°C on 0.9% agarose-coated dishes in sea
water until the desired developmental stage, then fixed in
1% glutaraldehyde in sea water for 20 min at room temper-
ature, washed twice with PBS 1, and stained for -galac-
tosidase at 30–37°C in Staining solution [3 mM K3Fe(CN)6,
3 mM K4Fe(CN)6, 1 mM MgCl2, 0.1% Tween 20 and 200
g/ml X-gal in PBS]. At least three rounds of electropora-
tion were carried out on each transgene used in this work.
For the comparative analyses, the fusion genes were tested
in parallel on the same batch of embryos, and staining for
-galactosidase was carried out for the same time. When not
otherwise specified, more than 90% of the embryos showed
the same color intensity.
Nuclear extracts
Crude nuclear protein extracts from C. intestinalis larvae
were prepared as a modification of the protocol described in
Damante et al. (1994). All steps were performed on ice and
with ice-cold reagents. In brief, embryos were collected by
centrifugation and subjected to mechanical disruption using
a douncer in 5 times the pellet volume of Solution I (10 mM
Hepes, pH 7.9, 20 mM KCl, 20 mM MgCl2, 1 mM DTT, 2.5
mM EGTA, 0.5 mM PMSF, 0.35 M sucrose). The nuclear
fraction was then collected by centrifugation at 6500 rpm
for 5 min in a Sorvall RC-2B (rotor SS34), resuspended in
5 the nuclear pellet volume of Solution II (10 mM Hepes,
pH 7.9, 400 mM KCl, 20 mM MgCl2, 1 mM DTT, 2.5 mM
EGTA, 0.5 mM PMSF, 5% glycerol), and subjected to
mixing for 30 min at 4°C. Following centrifugation at
35000 rpm for 30 min in a Beckman L8- 70M ultracentri-
fuge (in a 60Ti rotor), the concentration of extracted nuclear
protein in the recovered supernatant typically was 0.5 mg/
ml. The extracts were stored at 80°C in aliquots contain-
ing 20% glycerol until use.
Gel shift assays
The single-strand oligonucleotide was labeled by using
T4 polynucleotide kinase (New England Biolabs) and
[-32P]ATP (Amersham), annealed, and purified on Seph-
adex G-25 NAP-5 column (Pharmacia). The binding reac-
tion was carried out in a buffer containing 40 mM Hepes,
pH 7.9, 40 mM KCl, 0.5 mM DTT, 0.5 mM EDTA, 5%
glycerol, and 500 ng poly(dIdC). The mixture, including 4
g nuclear protein, was preincubated 5 min before addition
of 8 fmo (4–8  104 cpm) labeled probe in a final volume
of 20 l. After incubation for 20 min at room temperature,
samples were separated on 5% polyacrylamide/0.5 TBE
gel and analyzed by autoradiography.
Fig. 3. Summary for the deletion analysis of Cititf1 endoderm-specific enhancer. Schematic representation of Cititf1 promoter fragments analyzed in the
electroporation experiments. The name of each construct is indicated on the left, the territory of reporter gene expression in the embryo and the percentage
of colored embryos are shown on the right. NA, no activity. The asterisk indicates that with the construct #2E some embryos (5–10%), besides the signal
in the endoderm, present some staining in the mesenchime, as indicated by the arrows in Fig. 4C and D.
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Results
A specific DNA sequence localized in the promoter region
of the Cititf1 gene is capable of directing endoderm-
specific transcription
We have previously shown that a 3.5-kb Cititf1 genomic
DNA region (construct #1 in Fig. 1A ) is able to drive the
expression of a lacZ reporter essentially in the same cells as
the endogenous gene (Ristoratore et al., 1999). In order to
gain insight in the transcriptional regulation of Cititf1, we
prepared a number of constructs containing different re-
gions of this promoter fused to lacZ (summarized in Fig. 1).
These constructs were introduced into C. intestinalis fertil-
ized eggs via electroporation. After different periods of
growth at 18°C, the embryos were collected, fixed, and
stained for -galactosidase activity.
Constructs #7, #2, #3E, #3, #4, and #5E (Fig. 1A), which
are progressively deleted at the 5 end of Cititf1 promoter
region, all reproduced the pattern observed using construct
#1. Fig. 2 shows the lacZ expression pattern for different
stage embryos electroporated with construct #5E. -Galac-
tosidase staining remained confined to cells of the endoder-
mal lineage at neurula (Fig. 2A), tailbud (Fig. 2B), and
larval stages (Fig. 2C), thus showing a complete overlap
with the spatial expression of the endogenous gene. While
the onset of endogenous Cititf1 gene expression is at early
gastrula stage, expression of the reporter became first de-
tectable in the neurula. The apparent discrepancy in the
initial expression of the reporter versus the endogenous
gene has been described before and could be due to the time
necessary for the accumulation of functional -gal protein
(Corbo et al., 1997b; Ristoratore et al., 1999). Introduction
into the embryos of the construct containing an even shorter
promoter fragment, which extends only 65 bp form the
transcription start site (#10E), resulted in unstained embryos
(not shown), as summarized in Fig. 1A.
The analysis of these transgenes indicated that the small-
est Cititf1 promoter fragment, able to direct an endoderm
restricted expression pattern, extends 355 bp upstream from
the start of transcription. Since the intensity of the -galac-
tosidase staining and the onset of the expression were com-
parable to that obtained using the transgene with the 3.5-kb
promoter fragment, we concluded that the promoter region,
included in construct #5E, contains all the cis-regulatory
information required for a correct regulation of both the
spatial and temporal expression of the Cititf1 gene.
In order to prove that the regulatory region we identified
was sufficient for endoderm-specific expression, we in-
serted the sequence extending from 355 to 41 bp
upstream of the minimal promoter element of CiHox3
(construct 0.2-5E/10E in Fig. 1B), that by itself is transcrip-
tionally inactive (Locascio et al., 1999). The composite
Cititf1-CiHox3/lacZ construct (0.2-5E/10E) was found to
direct reporter expression in the endoderm, with a pattern
identical to that obtained with construct #5E.
A balance of positive and negative elements is responsible
for the endoderm-specific expression of the Cititf1 gene
The subsequent analysis was focused on the detailed
characterization of the regulatory elements included in the
minimal promoter fragment able to reproduce the endoge-
nous pattern of expression, constituted by the promoter
sequence from 355 to 41 bp. For this purpose, a pro-
gressive series of 5 truncations, starting from the position
355 bp, were prepared and electroporated into Ciona
embryos (Fig. 3). Introduction of construct #1E, in which
the promoter was deleted to 283 bp, resulted in the de-
velopment of embryos where the expression of the reporter
gene was confined to cells of the endoderm lineage (Fig. 4A
and B). Moreover the staining intensity was comparable to
that obtained with construct #5E. Electroporation of con-
struct #2E, in which the enhancer sequence was further
deleted to 235 bp, produced a majority of transgenic
embryos showing -galactosidase staining exclusively in
cells of the endodermal lineage. However, 5–10% of the
embryos, besides the signal in the endoderm, presented
some staining in cells of the trunk mesenchyme (indicated
by the arrow in Fig. 4C and D).
Interestingly, with both transgenes (#1E and #2E), the
number of stained embryos resulted decreased to 80% com-
pared with the control plasmid (#5E). These results suggest
that the sequence from 355 to 283 bp contains elements
that cooperate to an efficient expression of Cititf1, while the
region from 283 to  235 bp includes elements that
normally contribute to repress activation of the gene in the
mesenchyme. Electroporation of transgene #6, which is
further deleted to 152 bp, resulted in the development of
embryos in which the -galactosidase activity was com-
pletely lost from the endoderm territory to appear exclu-
sively in a group of cells localized laterally in the embryo
(Fig. 5), a region which corresponds to mesenchyme cells
(schematized in pink in Fig. 5A–C). Such pattern of re-
porter gene expression appeared first in the neurula (Fig.
5A) and persisted throughout development where staining
remained confined to cells of mesenchymal origin, localized
in the trunk of both the tailbud (Fig. 5B) and the larva (Fig.
5C). Interestingly, as observed for construct #5E, no -ga-
lactosidase staining appeared in embryos arrested earlier
than the neurula stage, demonstrating that the element/s
necessary for the temporal regulation of Cititf1 expression
are conserved in this construct.
The enhancer was analyzed also by a series of internal
truncations. For this purpose, progressive deletions at the 3
end of the enhancer sequence were created in constructs 1,
2, 3, and 4 shown in Fig. 3. No -galactosidase activ-
ity, even after a long period of incubation in the staining
solution, could be detected in embryos electroporated with
constructs 1, 2, and 3, where the enhancer sequence
extends to 355 bp and is deleted at the 3 end to 321,
252, and 201 bp, respectively.
Introduction into the embryos of construct 4, whose 3
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enhancer sequence end is only deleted to130 bp, was able
to restore staining in the electroporated embryos. The signal
appeared in the endodermal cells and showed comparable
intensity to that obtained using the control plasmid #5E (not
shown). Based on these results, our further analysis focused
on the enhancer sequence from 355 to 94 bp (shown in
Fig. 6 ) since it appeared to contain the main cis-regulatory
elements involved in the control of Cititf1 endoderm ex-
pression.
Functional and biochemical analysis of Cititf1 enhancer
In order to identify elements relevant for the transcrip-
tional regulation of Cititf1 within the enhancer region de-
scribed above, two parallel approaches were used: an in
vivo analysis through linker scanning mutagenesis experi-
ments and in vitro electromobility gel shift assay studies.
For the linker scanning mutagenesis analysis, a series of
constructs, each carrying a mutation of 5 adjacent bases in
the sequence of interest (constructs M1–M28 indicated in
Fig. 6), were used in electroporation experiments on Ciona
embryos. All the linker scanning mutants, albeit at different
levels, induced -galactosidase synthesis exclusively in the
endodermal cells of the embryos. At variance with the
deletion mutants, none of the clustered mutations intro-
duced in the enhancer redirected its expression in the mes-
enchyme. However, constructs M12, M19, and M20 dis-
played a significantly lower signal than the one obtained
with the control plasmid #5E (Fig. 7).
Further efforts were aimed at identifying C. intestinalis
nuclear proteins capable of recognizing the DNA sequences
mutated in constructs M12, M19, and M20. In particular, we
asked if oligonucleotides containing the wild-type se-
quences were able to form complexes with Ciona nuclear
extracts and if introduction of mutations could interfere with
Fig. 4. Identification of distinct regulatory regions within the Cititf1 enhancer. Lateral (A) and ventral (B) view of a tailbud embryo electroporated with
construct #1E. Staining was evident in cells of the endodermal lineage. Lateral (C) and ventral (D) view, respectively, of a tailbud embryo electroporated
with construct #2E. All embryos electroporated with this truncated construct presented staining in endoderm cells; of these, 5–10% in addition showed
-galactosidase activity in the mesenchymal cells of the trunk (indicated by arrow).
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complex formation. Incubation of oligonucleotide S5
(which spans the sequence mutated in M12, as shown in
Fig. 6) with nuclear proteins from C. intestinalis larvae
resulted in the formation of one major and three minor
complexes (Fig. 8).
Competition with increasing amounts (50- and 100-fold
Fig. 5. Construct #6 is exclusively expressed in the mesenchyme. Lateral view of neurula (A), tailbud (B), and larval stage (C) embryos electroporated with
construct #6. Staining was lost from the endodermal cells, while a signal was visible in an ectopic territory corresponding to mesenchyme cells. Bottom
panels, schematic lateral view representation of the neurula (A), tailbud (B), and larval stage (C) embryos with mesenchyme cells shown in pink and
endoderm in yellow.
Fig. 6. Enhancer sequence covered by mutant constructs M1–M28. Complete sequence of the Cititf1 enhancer region from 367 to 115 bp upstream of
the transcription start site. The five adjacent nucleotides that were mutated by transversion in each of the electroporation plasmids M1–M28 used for the in
vivo electroporation experiments are shown in green. Oligonucleotides used in the subsequent electromobility gel shift analysis are shown in red (S5 and S2).
The 5 and 3 ends of Cititf1 promoter fragments included, respectively, in constructs #5E, #1E, #2E, #6 and constructs 1, 2, 3, and 4 are indicated
by vertical arrows.
18 A. Fanelli et al. / Developmental Biology 263 (2003) 12–23
excess) of S5m12 (the S5 oligonucleotide carrying the mu-
tation introduced in M12) or with an unrelated control
oligonucleotide (not shown) did not alter the DNA–protein
complexes, while very efficient competition was obtained
upon addition of unlabeled S5. Thus, the factors binding to
S5 could play an important role in Cititf1 enhancer activity,
as they do not bind when the enhancer activity is reduced.
In the case of mutations M19 and M20, the reduced in
vivo expression could not be clearly correlated to any spe-
cific protein–DNA complex, even when a single oligonu-
cleotide, containing both mutations, was used in the in vitro
DNA binding assays.
Fig. 7. Mutant constructs M12, M19, and M20 show decreased endodermal expression. -Galactosidase staining in tadpole larvae electroporated with
plasmids M12, M20, and M19 compared with the control construct #5E.
Fig. 8. Protein-binding activity of the enhancer sequences affected by the
M12 mutation. Double-stranded labeled S5 oligonucleotide was used as
DNA probe to test the formation of shifted protein–DNA complexes with
C. intestinalis larval nuclear proteins in electromobility gel shift assays.
The specific DNA–protein complexes are abolished by competition with
50- and 100-fold molar excess of cold S5 oligonucleotide (lanes 2, 3) but
not by S5m12 oligonucleotide (lanes 4, 5). The oligonucleotide sequences
are indicated at the bottom. The nucleotides mutagenized in S5m12 are
underlined.
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Our efforts were then focused on a more specific analysis
of the whole M19–M20 region. Coupled in vitro mutagen-
esis and electroporation assays revealed that a wider muta-
tion (S2m3), which includes and surrounds the M20 se-
quence, was critical for the promoter activity (Fig. 9). As
shown in Fig. 9A, the S2m3 mutation proved sufficient to
completely abolish the expression of the transgene in the
electroporated embryos. On the other hand, the band shift
assay, carried out using the native S2 oligonucleotide (as
shown in Fig. 9B) and nuclear proteins from C. intestinalis
larvae, revealed the formation of two major and three minor
complexes (lane 1, Fig. 9B). Competition with S2m3 (lane
3, Fig. 9B) or with an unrelated control oligonucleotide
(Unr) (lane 4, Fig. 9B) did not interfere with the formation
of the shifted complexes that were instead almost com-
pletely eliminated when the unlabeled S2 oligo was tested
(lane 2, Fig. 9B). These results confirmed the strict corre-
lation between the promoter sequence mutated in S2m3
and the capacity to form specific DNA–protein com-
plexes (Fig. 9B).
Discussion
Identification of a minimal 300-bp Cititf1 enhancer
Cititf1 is the earliest zygotic gene so far identified in
ascidians with restricted expression to cells of the endoder-
mal lineage. Therefore, the analysis of the regulatory ele-
ments involved in the control of its tissue-specific expres-
sion could be helpful in clarifying the molecular pathway
contributing to endoderm determination during ascidian em-
bryogenesis. In the present study, we show that a 300-bp-
long DNA sequence, which extends 355 bp upstream from
Cititf1 transcription start, promotes endoderm-specific gene
expression of a fused -galactosidase reporter. Expression
Fig. 9. Mutant S2m3 is sufficient to completely abolish endoderm activation of Cititf1 promoter. (A) A representative tailbud embryo electroporated with
plasmid S2m3 demonstrates complete abolishment of reporter gene expression. For comparison is also shown the result obtained in the same experiment by
introduction into Ciona embryos of the control construct #5E. (B) Electromobility gel shift assay using S2 oligonucleotide as probe. Different complexes are
formed upon incubation with C. intestinalis larvae nuclear extracts. The specific DNA–protein complexes are abolished by competition with 100-fold molar
excess cold S2 oligonucleotide (lane 2) but not by S2m3 (lane 3) or by an unrelated (Unr) (lane 4) oligonucleotide. The S2 and S2m3 oligonucleotide
sequences are shown on the bottom. The nucleotides that were firstly mutagenized in the M19 and M20 constructs are in blue. The native 11 nucleotides that
are mutagenized in the S2m3 oligonucleotide are underlined. In the S2m13 oligonucleotide, the 11 mutagenized nucleotides are indicated in red.
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begins in the endodermal precursors at late neurula stage
and remains confined exclusively to this cell type until the
larval stage, showing a very tight cell type-specific control
by the short enhancer that we have identified. Also, the
onset of -galactosidase expression is well conserved, with
only a small delay compared with the appearance of the
endogenous gene that, most likely, is exclusively due to the
time necessary to accumulate detectable amounts of the
-galactosidase protein. The 300-bp Cititf1 enhancer con-
tains distinct regulatory regions, shown in Fig. 10, whose
balance is responsible for Cititf1 activation in the endoder-
mal cell lineage and for Cititf1 repression in the mesen-
chime tissue, as discussed below.
Cititf1 repression in the mesenchyme
The serial truncation analysis of Cititf1 enhancer se-
quence revealed that a mechanism of transcriptional repres-
sion contributes to the establishment of the endoderm-spe-
cific expression of the gene. Indeed, embryos transgenic for
construct #6 (Fig. 3), which is deleted of a specific 5
enhancer portion, show a very strong -galactosidase ex-
pression in the trunk mesenchyme while completely loosing
the endoderm signal (Fig. 5). Therefore, cis-regulatory ele-
ments in the 3 portion of the enhancer, localized within 152
bp from the transcription start site, are capable of mediating
mesenchyme-specific expression, but are likely normally
silenced by signals contained in sequences localized further
upstream. Indeed, the results obtained with construct #2E,
which is capable of directing reporter gene expression both
in the endoderm and in the mesenchyme (Fig. 4C and D),
are in agreement with the interpretation that the Cititf1
enhancer contains cis-regulatory signals for both endoder-
mal and mesenchyme-specific expression. Indeed, this latter
site of expression is repressed if a third regulatory element,
localized in the DNA sequence extending from 283 to
235 bp, is present, as shown by the electroporation of
construct #1E (Fig. 4A and B).
The ability of specific promoter fragments to drive ec-
topic expression in the mesenchyme is not a unique feature
of Cititf1, rather it has been already reported in studies on
the transcriptional control of other ascidian genes (Corbo et
al., 1997b; Di Gregorio and Levine, 1999; Locascio et al.,
1999). The ectopic expression in this territory has been
sometimes explained either as a spurious trait, or alterna-
tively it was proposed that a maintained synthesis of re-
porter gene in common precursor blastomeres could even-
tually account for the presence of the ectopic signal (Corbo
et al., 1997b). In the case of Cititf1, since the mesenchyme
and the endoderm do not share any common progenitor
blastomere just before the appearance of Cititf1 message in
the endoderm (76-cell stage), we can exclude that the trans-
gene expression in the mesenchyme could be due to a
residual production of - galactosidase in this territory. On
the other hand, one might envisage that, by cloning a spe-
cific promoter sequence into the vector, a mesenchyme
activation element might be formed at the junction site. This
explanation seems unlikely in our case since at least two
different deletion constructs, containing different portions
of the promoter (constructs #2E and #6), exhibited mesen-
chyme expression. Rather, since the appearance of reporter
gene expression in the mesenchyme parallels the progres-
sive deletion of the 5 enhancer portion, we favor that loss
of repressor elements, localized distally in the enhancer,
results in the ectopic transcription of the transgene. If this is
the case, the existence of a repression mechanism for the
maintenance of a tissue-restricted expression pattern might
be a common feature of C. intestinalis transcriptional con-
trol.
Cititf1 activation in the endoderm
The data presented in this report suggest that activation
of expression in the endoderm involves the coordinate ac-
tion of a combination of factors. Candidate cis-acting ele-
ments are localized between-235 and 130 bp, as indicated
by the electroporation results obtained with the different
enhancer deletion constructs. However, additional se-
quences appear to be required to achieve a full and efficient
activation of the expression. In particular, removal of the
sequence localized at the most 5 end of the enhancer
(355/283) led to an overall decrease in the expression
efficiency of the reporter (construct #1E in Fig. 3), as
demonstrated by the lower percentage of stained embryos
compared with that obtained with the control. This suggests
that also the sequence between 355 and 283 bp is
necessary for full Cititf1 expression.
Important information on the mechanism of transcrip-
tional activation in the endoderm was derived from the
linker scanning mutagenesis experiments. Twenty-eight
Fig. 10. Schematic representation of the cis-regulatory elements in the
minimal endoderm-specific enhancer of Cititf1. Cititf1 enhancer includes
four distinct regions of regulation. A central region, involved in activation
of the expression in the endoderm, is situated between 283 and 130 bp
of the transcription start and contains cis-regulatory sequences, such as
those mutated in S5m12 and S2m3, associated with the endoderm-specific
transcriptional activation. Another region of control, required to achieve an
efficient gene expression, lies between 355 and 283 bp. Finally, the
enhancer proximal region includes sequences relevant for the activation of
expression in mesenchyme cells, expression that is normally silenced by
negative control elements localized between 283 and 235 bp.
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mutant plasmids were generated to cover the whole 225-bp
sequence (from 355 to 130 bp) most relevant for the
endoderm expression. In each mutant plasmid, five consec-
utive nucleotides were mutated by transversion, while three
nucleotides were left unchanged between one mutant and
the next.
Interestingly, only 3 of the 28 mutations introduced re-
sulted in a significant decrease of expression in the
endoderm. Hence, we focused our attention on the DNA
sequences corresponding to mutations M12, M19, and M20,
those displaying a reduced -galactosidase expression in the
endodermal cells of electroporated embryos. Electromobil-
ity gel shift analysis of the mutated sequences established, at
first, only for M12 mutation a clear correlation between the
altered promoter sequence and the control of Cititf1
endoderm expression, while for M19 and M20, the in vivo
results were not supported by a defined and clear biochem-
ical evidence. These data prompted us to a closer examina-
tion of the whole region spanning M19–M20 in order to
analyze if a wider promoter sequence could be involved in
the formation of specific DNA–protein complexes. The
analysis allowed us to identify a sequence of 11 nucleotides
(underlined in the S2 oligonucleotide in Fig. 9B), that, if
mutated (in red in the S2m3 oligonucleotide in Fig. 9B),
makes the S2m3 oligonucleotide completely unable to in-
terfere with the formation of S2–protein complexes. The
alteration in the DNA binding capacity of the modified
sequence in S2m3 (Fig. 9B) perfectly correlates, this time,
with the complete downregulation of the promoter activity
in the embryos electroporated with the S2m3 construct (Fig.
9A).
The S2m3 mutation includes two nucleotides from M19,
the three nucleotides between M19/M20, the sequence mu-
tated in M20, and one nucleotide downstream from it. The
discrepancy between in vivo and in vitro results obtained
either with M19 or M20 could suggest that both are low-
affinity binding sites, while a wider sequence, that includes
the nucleotides between them and one nucleotide down-
stream from M20, is specific and is bound, with high affin-
ity, by the factors responsible for Cititf1 expression. The
next analysis helped then to demonstrate that a clear acti-
vator element is located in a wider sequence that includes
the nucleotides between M19 and M20 and the nucleotide
downstream from M20. In fact, there is a complete abolition
of endoderm staining, accompanied by a clear incapacity to
block the shifted complexes, when S2m3 mutation was
analyzed in the in vivo and in vitro experiments (Fig. 9A
and B).
In summary, Cititf1 expression in the endoderm appears
to be controlled by two specific regions in the 300-bp
enhancer we have studied: the S2 region that seems to be
responsible for Cititf1 activation and the M12 region that
cooperates with the S2 for a full Cititf1 expression in the
endoderm. Further studies, underway in our laboratory, in-
tend to clarify, by specific point mutations, which nucleo-
tides, in the S2 region, are fundamental for Cititf1 transcrip-
tional regulation. This analysis could be instrumental for the
identification of the trans-regulatory factors that are in-
volved in the endodermal expression of Cititf1.
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